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Abstract
The oxygen consumption, pumping rate and filtration 
efficiency of Mercenaria mercenaria L. , from the York River, 
Virginia, U.S.A., were measured at low oxygen tensions and 
compared to the same measurements taken at high oxygen 
tensions. All experiments were conducted under naturally 
fluctuating conditions of salinity, temperature, turbidity, 
and food levels. Analysis of results from 58 clams indicated 
Mercenaria could maintain a constant oxygen consumption in 
cTec lining"oxygen tension, but the critical oxygen tension (Pc) 
at which this respiratory regulation ceased appeared to depend 
■fes^on the clam's size and sex. Gravid females, dry tissue weight 
1.20 - 5.03 g, displayed, a P near an oxygen tension of 40 mm 
Hg (25% sat.). Male clams with gametes, whose dry tissue weight 
was less than 3.Og had a Pn near 80 mm Hg oxygen tension 
(50% sat.). Some evidencewis offered that larger males have a 
Pc similer to females. Three modes of respiratory regulation 
were observed. In the first, oxygen utilization and pumping 
rate remained unchanged at all oxygen levels above P such that 
the oxygen consumption, the product of these two variables, 
remained unchanged. In the second mode a decrease in pumping 
rate was compensated by a sufficient increase in oxygen utili­
zation to give a constant oxygen consumption. In an anomalous 
third mode, an increase in pumping rate was not fully compensated 
by a decrease in oxygen utilization, but oxygen consumption 
remained constant. The efficiency with which the gill's cilia 
were able to remove particles in the 3-20 m range was found to 
be independent of the pumping rate, oxygen consumption and the 
oxygen tensions. Multiple linear regression analysis showed 
that the observed values of temperature, salinity turbidity 
and food level showed little effect on either male or female 
Mercenaria at high or low oxygen tensions. Sexual differences 
were again evident at high versus low oxygen tensions when size 
and the oxygen utilization of the clam was analyzed by MLR 
analysis.
THE RESPONSE OF THE BIVALVE MERCENARIA 
MERCENARIA TO DECLINING OXYGEN TENSIONS
Introduction
Oxygen is relatively scarce in water and thus often an 
important limiting factor to aquatic organisms (Odum, 1971)• 
Considerable research has indicated that with regard to
respiration marine invertebrates can be placed in two broad 
categories regarding their reaction to a decline in dissolved 
oxygen* Those with independent respiration maintain a 
constant rate of oxygen consumption over a wide range of
oxygen tensions until reaching a certain critical oxygen 
tension (P_), below which the rate of oxygen consumption dropsv*»
precipitously* In organisms with dependent respiration oxygen
consumption falls continuously with decreasing oxygen tension
(Beadle, 1961). Prosser and Brown (1961) have designated
these two categories "regulators” and "conformers" respectively*
Most marine bivalves regulate their oxygen consumption,
but different Pc and regulatory mechanisms are found (Galtsoff 
and Whipple, 1931; Van Dam, 1938, 1934; Bayne, 1967, 1971a, 1973). 
Regulatory mechanisms involve manipulation of the two factors 
governing bivalve respiration: pumping (ventilation) rate and the 
oxygen utilization (Ghiretti, 1964). The volume of oxygen
consumed per unit time is obtained when the oxygen utilization
(reduction in oxygen content between incurrent and excurrent
water) is multiplied by the pumping rate (the amount of water
passing over the clam’s gill per unit time)* Because by the defini­
tion,,
2
3of respiratory regulation the product of these two variables 
must be constant at all oxygen tensions above P , three modes
V
of regulation are theoretically available to a regulating 
bivalve: (1) The oxygen utilization and pumping rate are both 
held constant at all oxygen tensions above P . (2) A decrease
V
in pumping rate is coupled v/ith an increase in the oxygen
utilization. (3) A decrease in the oxygen utilization is
coupled with an increase in the pumping rate.
Examination of the literature on bivalve respiration
revealed most studies on bivalve respiration were done under
conditions of constant temperature, salinity and food levels
in closed-system respirometer (Galtsoff and Whipple, 1931 j
Nasawa, 1929, and Bayne, 1967). In many of these studies
the bivalve was allowed to reduce the oxygen level in a
closed container and the point at which oxygen was no longer
consumed at a constant rate was defined as P . Thesec
experiments could not be conducted over long time periods 
because of oxygen depletion and waste accumulation. In 
other experiments the water in the chamber was replaced with 
water of a given oxygen tension and the animals respiration 
was measured for a given period of time (Bayne, 1971b, 1973)*
In only one study was an open flow-through system used 
(Hamwi, 1969). However, in this latter study the bivalvefs 
respiration was measured under conditions of rapid fluctuations 
in oxygen tension.
4In all of the above studies the period of exposure to
a given oxygen level was a few minutes to a few hours at most.
A chronic exposure to low oxygen tensions under condition of
naturally fluctuating environmental variables might give a
value for Pc closer to that value occuring in nature. For
example, Prosser, Barr, Pine and Lauer (1957) demonstrated
goldfish responded to chronic exposure to low oxygen by a
shift of P to lower oxygen tensions. Odum (1971) pointed c
out that organisms which are normally subjected to variable 
temperatures in nature were found to be depressed, inhibited 
or slowed down by constant temperature. The pattern of 
mortality of the oyster drill, Urosalpinx in fluctuating 
salinities v/as reported to be quite different from mortality 
patterns in constant salinity (Zachary and Haven, 1973). 
Organisms in situ respond to their total environment rather 
than to a single factor. Hence, "monpfactorial analysis may 
lead to conclusions that are ecologically invalid (Kinne, 1964).
Accordingly, the purposes of this study were (1) to 
determine the critical oxygen tension (Pc) of the hard clam, 
Mercenaria Mercenaria exposed to reduced oxygen tensions for 
a minimum 4-8 hour period, (2) to determine the mode of 
regulation governing oxygen consumption, and (3) to analyze 
the effects of fluctuating environmental variables which 
might modify the clams response to declining oxygen tensions.
Materials and Methods
1. Collection and Preperation of Clam Stock
Adult Mercenaria were collected from tongers operating 
in the York River near Gloucester Point, Virginia or from 
clam., beds located near the laboratory. The salinity ranged 
from 12 °/oo to 21°/oo during the course of this study; the 
average salinity was 17°/oo, A total of 68 clams were used 
in this study and except for two clams that had spawned, 
all clams had developing gametes,. Clams were maintained in 
the laboratory in sand-filled boxes to prevent possible 
infestation by the annelid Polydora (Landers, 1967).
Unfiltered York River water flowed past the animals contin- 
uously so that the clams experienced the natural fluctuations 
of the estuarine environment.
Because the York River estuary exhibited abnormally low 
salinities during the winter, several experiments were 
performed to study the response of Mercenaria to declining 
oxygen tensions at reduced salinities. During the winter 
(1972-1973)> the clams were thermally acclimated a minimum 
of two weeks at fluctuating temperatures of 22-26°C, No 
other environmental factors were controlled. Widdows and 
Bayne (1971) determined it took a minimum of two weeks for 
Mytilus edulis to completely acclimate their oxygen consumption 
and filteration rate to temperature changes. Copious production 
of feces and the presence of growth rings indicated food 
sources were not limiting in the winter water.
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62. Apparatus
The apparatus used to maintain clams under variable oxygen 
tensions (Figure 1) consisted of a submersible pump-(A) supplying 
a continuous flow of unfiltered water to two polyvinyl chloride 
water/gas exchange columns (C). Water for all studies was 
pumped through plastic pipes from a source 0,5 above the 
bottom, 90 m. offshore in the York River, to a constantly 
overflowing overhead trough in the laboratory*
For the winter experiments the water was heated by two 
g3.ass heat exchange units (B) to the experimental temperatures 
(22-26°C) before entering the exchange columns* One column 
furnished high oxygen tension water for the control (C ^ , while 
the other column (C2) furnished water stripped of oxygen by 
oxygen-free nitrogen C^) bubbling upwards* Oxygen super­
saturation of the water during the winter was prevented in the 
controls by bubbling a small stream of nitrogen into the 
control column.
The desired level of oxygen for the various studies was 
maintained by adjusting the amount of nitrogen entering the 
column by use o.f a micrometer valve (D). Flowmeters (E) gave 
a controlled flow of 560-600 ml/min of river water into a twin 
chambered trough (F) that had four clams buried in course beach 
sand. The sana was packed in a concave configuration to minimize 
turbulence and recirculation and produce a near laminar flow 
east the animals. The clams were positioned with their inhaient
Figure 1.
Flow-through environmental .system employed in the measurement 
of pumping rate, oxygen consumption and filtration evviciency 
of Mercenaria
A, Pump; B, Heat exchange coils; C, PVC 
water-gas exchange columns; D, Nitrogen 
regulation valve; E, Flowmeters: F, Twin 
chambered trough; G, Partitions; H, Light 
bank; I, Capillary collecting tubes; J, 
Oxygen probe unit; K, Lab-Crest Flowmeters; 
L, Ambient water bath.
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9siphon facing upstream. Plastic partitions (G) insured that 
each clam received clean unfiltered water. A blue-green light 
bank (H) provided light from 0600-1800 hours daily.
1 mm I.D. glass capillary tubes (I) were used to collect 
water samples from the clam!s siphons. The oxygen content of 
the water was measured by a self-stirring polorographic probe 
(J) (Model 5*4-> Yellow Springs Instrument Company, Yellow Springs, 
Ohio). Lab Crest Flowmeters (K) (Fisher Scientific Company, 
Pittsburg, Penn.) were used to measure the clams pumping rate. 
Water for the pumping rate determination was collected in 
flasks and placed in an ambient temperature water bath (L).
3. Experimental Procedure
a. Time Table
An experiment lasted for one week and consisted of three 
phases. Phase one was a two day adjustment period to the
trough. Phase two lasted approximately two and one half days, 
during which time measurements of the pumping rate and oxygen 
consumption for all four animals were monitored at high oxygen 
tensions of 120-160 mm Hg (75-100% saturation). At the beginning 
of phase three the oxygen tension in the experimental trough 
was lowered to a designated level over a one hour period. The
designated oxygen tensions were 80 mm Hg (50% sat.), 1+0 mm 
Hg (25% sat.) and 18 mm Hg (12% sat.). The control chamber
remained at high oxygen tensions. Once the oxygen level was 
stabilized in the experimental trough, measurements of oxygen 
consumption and pumping rate were continued daily from 0800- 
1700 hr on both the controls and experimental animals for at
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least 48 hours. At the end of phase three the clarafs length 
(maximum distance between external surface of the valves);, 
tissue wet weight and tissue dry weight were recorded. Tissue 
dry weight was obtained by heating the tissue in a drying oven 
at 87 °C until a constant weight was recorded,
b. Measurement of Oxygen Consumption and Pumping Rate
A capillary tube, withdrawing water by gravity at a rate 
of 8-10 ml/min, was positioned over the animals incurrent 
siphon. This water collected in a chamber situated in a water 
bath at ambient temperature, and was recorded as the incurrent 
oxygen concentration. The oxygen probe was calibrated at least 
twice daily with air saturated water using the' tables of oxygen 
saturation of sea water (Qreen and Carritt, 1967).
Using the method of Coughlan and Ansell (196^), the 
instantaneous pumping rate was read from the calibrated flowmeter 
when the dyed water just began to overflow the incurrent siphon. 
In all experiments, the soluble nontoxic dye used was green 
food coloring (C.F. Sauer Company, Richmond, Va.; the dye 
contained propylene glycol, water and pure green food dye).
Immediately after the pumping rate determination, the 
capillary tube collected excurrent water by gravity at a rate 
one half or less than the previously determined pumping rate.
The oxygen content of this water was recorded over several 
minutes as the average excurrent oxygen concentration. Next,
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the incurrent oxygen concentration was recorded again and the 
two readings averaged* The difference between the averaged 
incurrent and excurrent oxygen concentration is the oxygen 
utilization (d Co2U ). Finally, the pumping rate was measured 
again and the two readings averaged. The oxygen consumption 
was then determined by multiplying the average pumping rate by 
the oxygen utilization. Weight-specific oxygen consumption 
(OC^iml (STP)/hr/g dry wt.) and weight specific pumping rate 
(SPRiLH^O/hr/g dry wt.) were calculated at the end of the 
experiment. The oxygen utilization coefficient (O.U.G.)
(Hazelhoff, 1938):
O.u.c. ln -[op ex X 100
in
was also determined for each set of measurements. This coefficient 
measures the percentage of oxygen removed for respiration as the 
water passes over the gills.
The efficiency (E):
E - pumping rate
Oxygen consumption = L H^O/ml 0^
defines the amount of water pumped to gain one milliliter of 
oxygen (Devours, Cary, Rahn, 1970)
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c. Measurement of Filtration Efficiency
Several experiments were performed to measure the effect
of low oxygen tension on the gills1 particle filtering capacity.
The filtration efficiency is defined by the following equation:
Filtration Efficiency = Particle . - Particle  ^ X100
-L n  Q X
Particle .m
The filtration efficiency was measured by carefully sampling 
incurrent and excurrent water simultaneously with a capillary 
collecting tube. The capillary was always positioned inside 
the siphon and water was withdrawn slowly by gravity. Particles 
in the water sample in the size range 3-20 u were measured and
counted using the Coulter Electronic Particle Counter (Model B, 
Coulter Electronics Inc., Franklin Park, Illinois). The pumping 
rate was determined by the method of Coughlan and Ansell (196^ -) 
before or after the collection of these samples.
The pumping rate (amount of water passing over the gills 
per unit time) and the filtration rate (amount of water cleared 
of particles per unit time) are related (Rice and Smith, 1933). 
Both are expressed in the same units: liters of water (pumped
or filtered) per unit time. If the filtration efficiency is 
100%, then the volume filtered is the volume pumped and the
13
pumping rate and filtering rate are equal. If the filtration 
efficiency is 50%, then the filtration rate is one-half the 
pumping rate. Therefore, the filtration rate is directly 
proportional to the pumping rate and the filtration efficiency 
is the proportionality factor:
Filtering rate = (filtration efficiency) X (pumping rate) 
Thus, by measuring the pumping rate and filtration efficiency, 
the filtration rate was calculated.
d. Measurement of environmental variables.
The following environmental variables were monitored 
throughout each experiment: temperature, salinity, turbidity 
and chlorophyll l!A n. Temperature was measured by a Yellow 
Springs Instrument Thermistor whenever oxygen consumption was 
measured. Salinity was recorded hourly during the day with a 
Beckman induction salinometer. (Beckman Instruments, Inc., 
Fullerton, California.)
Turbidity and chlorophyll "A" were determined at 0900,
1200, and 1600 hours each day of the experiment. A volume of 
2+00 ml was collected from an area immediately in front of the 
animals; 200 ml -was filtered through a 0.2+5 u pre-weighed 
Gelman filter, dryed overnight and weighed to give the turbidity 
weight (mg particulate matter per liter). The standard method 
of Strickland and Parsons (1968) was used to extract the 
chlorophyll from the remaining 200 ml of water. No corrections 
were made for phaeopigments because living and dead phytoplankton
are probably filtered from the water by bivalves.
A. Statistical Analysis
Analysis of variance (AITOVA) and multiple linear regressions 
were applied to the data using the statistical formulas and
methods of Snedecor and Cochran (196?).
Pumping rate (SPP), oxygen consumption (QO^), oxygen
utilization (d 0^ )> oxygen utilization coefficient (O.U.C.)
and efficiency (E) of individual clams were compared by ANOVA. 
ANOVA for individual clams were used to determine significant 
differences (P 0.05) or highly significant differences (P 0.01) 
between the mean value of observations at high' oxygen tensions 
(Phase two) with mean values of observations at a given low 
oxygen tension (Phase three). The data on oxygen utilization 
coefficient, a percentage, was first transformed into degrees 
using the arcsin transformation. Data from the individual
control clams were likewise divided into two data blocks
corresponding in time to phase two and phase three of the
experimental animals. ANOVA was applied to see if there was any 
change in the control caused by environmental, variables other 
than oxygen tension.
Next, the experimental clams were pooled into five 
arbitrarily defined weight classes, (eg., Table I). Each weight 
class covered 0.99 grams from 1.00 to 5-99 grams. Individuals
of a given weight class were divided into three subsets: (1)
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those animals exposed to high oxygen tensions (120-160 ram Hg) 
throughout the experiment (controls); (2) those animals exposed 
to high oxygen tension followed by an average oxygen tension of 
80 ram Hg (50% sat.), and (3) those animals exposed to high 
oxygen tension followed by an average oxygen tension of IfO mm 
Hg (2.5% sat.). Data on animals exposed to 18 mm Hg (12.5% sat.) 
was not pooled because so few data points were collected at this 
low oxygen tension due to the animal not pumping. Lastly, the 
pooled data in each subset were divided into two other data 
bio cks: high (Phase two) vs. experimental oxygen tension (Phase 3) 
and significant differences between the means were found by ANOVA.
Multiple linear regression (MLR) with ANOVA was employed to 
determine if such environmental factors as temperature, salinity, 
turbidity and food level (chi. nA,f) or such factors as body 
weight and oxygen utilization had an effect on the animals* 
response to a decline in oxygen level as measured by pumping 
rate and oxygen consumption* MLR was used only to discover which 
X variables are related to Y (pumping rate or oxygen consumption) 
and, if possible, to rank the variables in order of their 
importance.
All measurments taken at high oxygen tensions (120-160 mm 
Hg) and low oxygen tensions (ZfO mm Hg) were pooled and analyzed 
by MLR. Comparison of a variable's partial regression coef­
ficient (b) at high oxygen tension and /+0 mm Hg were made to see 
if the variable's effect on the clam is altered by changes in 
oxygen tension.
Results
1. The Critical Oxygen Tension (P.)
Unless otherwise indicated "oxygen consumption" refers to 
weight specific oxygen consumption (QO^) and "pumping rate" 
refers to weight specific pumping rate (SPR). Gravid females 
of the five weight classes studied maintained a constant oxygen 
consumption down to an oxygen tension of kO mm Hg (25% sat.) 
(Tables 1-5). The only exceptions were a single female that 
had spawned (Table 1) and two females that were subjected to 
an oxygen tension of -^0 mm Hg when a red tide (Cochlodinium 
heterolabotum) was present in late summer (Table 3)• In 
these three cases regulation broke down above ifO mm Hg oxygen 
tension. In all other cases female regulation disappeared 
between an oxygen tension of i+0 mm Hg and 18 mm Hg (contrast, 
figure 2 with figure 6).
The response of male Mercenaria to declining oxygen tension 
differed significantly from female clams. Male Mercenaria, whose 
dry tissue weight was under three grams3 were able to regulate 
only down to an oxygen tension of 80 mm Hg (50% sat.). Oxygen 
consumption declined rapidly between an oxygen tension of 80 mm 
Hg and UO mm Hg (Tables 6^ 70.' • Above three grams dry tissue weight 
the Pc for males is uncertain because by chance only one
16
Figure 2
Female Mercenaria displaying the first mode of respiratory
regulation while exposed to low oxygen levels. (2.3% sat.)
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experimental male was tested whose dry tissue weight exceeded 
three grams. This individual male, Zf.l6g dry weight, regulated 
it oxygen consumption down to kO mm Hg (Table 8),
The oxygen consumption of the control male and female 
clams showed no change during the course of the experiments 
(Table 1-8) , except in the case of small female clams (mean 
weight: 1,67 g) where there was a significant decrease in 
oxygen consumption (Table 1). In several cases the control 
clams1 pumping rate declined during the course of the experiment, 
but the oxygen consumption was maintained (Tables 2,8).
2. Modes of Respiratory Regulation
V/hen the pumping rate remained unchanged at oxygen tensions 
above Pc , the oxygen utilization likewise did not change in its 
value* As a result the oxygen consumption remained constant 
(Figure 2), In this mode of regulation the amount of water 
pumped to gain one milliliter of oxygen, the efficiency (E), 
also remained constant at all oxygen tensions above P (Figure 2).
A second response of the pumping rate was that it decreased 
in declining oxygen tension. This was compensated by an 
increase in the oxygen utilization such that the oxygen 
consumption remained constant (Figure 3)* In, this second mode 
of regulation the amount of water pumped to extract one 
milliliter of oxygen (E) was reduced at low oxygen tensions 
above P .
20
In several cases the clams1 pumping rate increased as 
oxygen tension declined. However, the oxygen utilization did 
not show a significant decline in value, nor did the oxygen 
consumption show a significant increase. In this anomalous 
third mode of regulation the amount of water pumped to extract 
one milliliter increased at low oxygen tensions above P
V
(Figure if).
The oxygen utilization coefficient (O.U.C.) always showed 
a highly significant increase at low oxygen tensions, (Figures 
2-6, Tables 1-8). This coefficient increased regardless of 
which mode of regulation was in effect.
Oxygen consumption declined precipitously below P (Figures
v
5,6, Table ?)♦ At an oxygen tension of 18 mm Hg (12% sat.) the 
amount of water that would have to have been pumped to gain one 
milliliter of oxygen was at least three times the normal amount 
at high oxygen tensions (Figure 6).
3« Filtration Efficiency
Preliminary experiments indicated Mercenaria1s filtration 
efficiency in the size range of 1-3 u was 10-23% over a wide 
range of oxygen tensions. However, when this size range was 
exceeded efficiency averaged from 60-97% over a wide range of 
oxygen tensions. The filtration efficiency in these size range 
over 3 u was not a function of particle size or particle 
concentration naturally present in the York Fiver. In general,
Figure 3
Male Mercenaria displaying the second mode of respiratory
regulation while exposed to low oxygen levels (50% sat)
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the volume of partic3.es removed decreased with increasing 
particle size (Figures 7 A-D).
In one series of experiments, the clamfs filtration 
efficiency, pumping rate, filtering rate and oxygen consumption 
were measured at high oxygen tensions for two days (Figures 7A-B). 
The oxygen tension was then lowered below the critical oxygen 
tension for both male and female clams. After one hour and 
hours exposure, the same four measurements were taken again 
(Figure 7 C-D). A surprising result of these experiments was 
that the filtration efficiency remained unchanged below the 
critical oxygen tension even though the pumping rate, filtration 
rate and oxygen consumption had declined precipitously.
A second series of experiments were performed on the same 
time schedule as those determining the critical oxygen tension.
For example, a clam whose dry tissue weight was 2.20 g had an 
average pumping rate of 1.29*f L/hr/g and a filtering efficiency 
of 8i\% during two days at high oxygen tensions (filtration rate: 
1.086 L/hr/g). During if8 hours exposure to an oxygen tension 
of_ifcCLmm Hg, the average pumping rate was 1.25*t L/hr/g and 
the filtration efficiency was 85% (filtration rate: 1.066 L/hr/g).
Sex did not influence the filtration efficiency of the clam. 
For example, a male (2.86 g dry weight) showed a mean filtration 
efficiency of 91% sit high oxygen tensions; at 80 mm Hg the mean 
filtration efficiency was 97%* This particular male closed 
between an oxygen tension of 80 mm Hg and ZfO mm Hg. In the
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same experiment a female (2.72 g dry weight) had a filtration 
efficiency of 88% at high oxygen tensions compared to 87% at
80 mm Hg and AO mm Hg.
A. Influence of Environmental variables, body weight and oxygen 
utilization
In the multiple linear regression analysis the amount of
variation of Y (pumping rate and oxygen consumption) explained
2 2by the four variables (X-^  - X^) ranged from R =0.098 to R =
0.83* Analysis by MLR revealed that the turbidity, food level 
(Chlorophyll ,fAn), temperature and salinity had little effect 
of Mercenariafs pumping rate or oxygen consumption (Tables 9,10). 
Initially, a seven factor MLR v/as run but the effect of turbidity 
and chlorophyll ’’A” were so insignificant that they were dropped 
from further analysis.
Increasing the temperature from 22.2 to 27 C caused a 
slight increase in oxygen consumption of males at high oxygen 
tensions. At low oxygen tensions only the combined effect of 
all four variables tested had a sma3UL effect on male oxygen 
consumption (Table 10). Female oxygen consumption increased 
with decreasing salinity at low oxygen tensions, but this 
effect was not evident at high oxygen tensions. The pumping 
rate of both sexes was not affected by the observed temperatures 
or salinities at either high or low oxygen tensions (Tables 9?10).
In contrast to the environmental variables, body weight and 
oxygen utilization usually displayed a highly significant partial
Figure Zf
Female Mercenaria displaying the anomalcnus third mode
of respiratory regulation while exposed to low oxygen
levels (Zj.8% sat.)
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regression coefficient in the MLR analysis. Thus, both oxygen 
consumption and pumping rate increased in both sexes with 
increasing weight at high oxygen tensions.(Tables 9-10). This 
relationship continued to hold for females at AO mm Hg oxygen 
tension (Table 9). However, male oxygen consumption and pumping 
rate showed no statistically signigicant dependence on weight 
at AO mm Hg oxygen tension (Table 10).
Surprisingly, the largest partial regression coefficient 
was for the regression of pumping rate on oxygen utilization, 
indicating a highly significant (P 0.01) relationship between 
these two factors. At high oxygen tensions both sexes required 
an approximately equal reduction of pumping rate to obtain an 
increase in the amount of oxygen extracted from the water 
oassing over the gills. However, at the low oxygen tension of 
AO mm Hg. a much greater reduction in the pumping rate of the 
female was required for a given increase in the oxygen utili­
zation than was evident for the male,(Tables 9-10).
Discussion
A. Statistical Evaluation
The large biological variability associated with the 
parameters studied in this report caused difficulties when the 
data was subjected to statistical evaluation. Pooling the data 
produced two deleterious effects: first, it weakened the power 
of the F~test in the Analysis of Variance (ANOVA) for the weight 
class. The error mean square for the pooled data was larger 
than the error mean square calculated during ANOVA for individual 
clams. In only one case, however, did the ANOVA results for 
pooled data on oxygen consumption differ from ANOVA for individual 
clams of a given weight class. It involved the two experimental 
females in weight class 3.00-3-99 g. which were subjected to a 
low oxygen tension of kO mm Hg. The pooled ANOVA for these two 
animals indicated a significant decline in oxygen consumption 
(Table 3)- However, an ANOVA analyses of each individual animal 
revealed no significant decline in oxygen consumption.
The second effect of pooling data was that the interaction 
between pumping rate and oxygen utilization was often obscured 
due to the wide range variability associated even v/ith clams of 
the same weight class. The interaction between pumping rate and 
oxygen utilization was evident in the analysis of each individual 
clam. Thus individual clam data was used in evaluating modes of 
regulation, but both pooled and individual data were used in
28
Figure 5
Male Mercenaria displaying loss of respiratory regulation
at 39 mm Hg oxygen tension. (Hlj-% sat,)
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determination of the critical oxygen tension.
B. Critical Oxygen Tension (Pc)
In the only other study of the effects of declining oxygen
tension on Mercenaria, Hamwi (1969) found the to be 102* mm Hg' "J ” "1 *rTI 1 "_n
(65% sat.) at a temperature of 20° 1°C and salinity 21.5-22.8
not. Indirect evidence indicated the seven clams tested in 
Hamwi1s study had a dry tissue weight of 3.0-7.0 grams; sex was 
not determined. Using measurement techniques and a flow through 
system similar to Hamwi, the results of the present study differed 
significantly. I found females in the dry weight range of 1.21- 
5.03 gms. exhibited a P of around 2+0 mm Hg, (25% sat.). Some
evidence is presented indicating large males might also have
a Pc of 2+0 mm Hg. Males less than 3.0 grams dry weight had a
P which fell between 80 mm Hg and 2+0 mm Hg.
The large difference between Hamwi1s results and the present 
results may be due to the rapidity with which Hamwi1s clams were 
subjected to declining oxygen tension and the short exposure time 
to low oxygen levels.
That is, Hamwi took measurements at ambient oxygen tension 
and made comparative measurements on the same clam at lower 
designated oxygen tensions. Hamwi apparently allowed the oxygen 
level to change rapidly in the flowing chamber (Hunder rapid 
fluctuations in oxygen level”). I found Mercenaria often 
decreased its pumping rate or even closed if the oxygen level 
was lowered too quickly. In contrast, when the oxygen tension
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was lowered gradually over one hour, Mercenaria adjusted quickly;
after one more hour at the designated oxygen level, the animal
was almost completely acclimated, if the oxygen tension was not
below P .c
The dependance of Pc on size displayed by the male clams 
in the present study has been found for several bivalves.
For example, the P„ of Mytilus perna (Bayne, 1967) and M. edulisC *rmmi 'I. -  . _ i "i l i mi l fl“ « " - "r ' * * “• ji i «r —nr -
and Laevicardlum crassum (Bayne, 1971a) is size-dependent. Part
of the reason for this size dependance of Pc is that small
individuals have high metabolic rates and are less tolerant of
low oxygen tensions than larger individuals with relatively low
metabolic rates.
However, the mechanism for the size-indenendence of the P
   *— — —    c
for female Mercenaria is unknown. No significant difference was 
found between male and female oxygen consumption at high oxygen 
tensions (pC^ = 120-160 mm Hg), provided they were of the same 
size. As v/as to be expected, smaller male and female clams had 
higher weight specific oxygen consumption values than larger clams. 
Differences between the sexes appeared only below an oxygen 
tension of 80 mm Hg (50% sat.). Sexual differences in response 
to declining oxygen have been reported for other invertebrates.
For example, Haefner (1970) found gravid female sand shrimp to 
be less tolerant of low oxygen than males.
Below P the oxygen consumption of males and females in all 
weight classes studied drops to very low values. Recent
Figure 6
Female Mercenaria displaying loss of respiratory
regulation at 18 mm Hg oxygen tension (11% sat)
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work on bivalve facultative anaerobiosis (Hochachka, Fields 
and Mustufa, 1973; Simpson and Awapara, 1966) indicated bivalve 
respiration may continue to supply the animal with energy by 
a unique pattern of anaerobic carbohydrate metabolism. This 
may explain why in other investigations carried out in this 
laboratory, small male and female Mercenaria (<1.0 g dry wt) 
were still alive after two weeks1 exposure to oxygen tensions 
below 18 mm Hg (12% sat.).
C. Mode of R egulation
Oxygen consumption of Mercenaria remained constant at
oxygen tensions above P . , The first mode of regulation involvesc
maintenance of both the pumping rate and oxygen utilisation at 
a relatively constant value at oxygen tensions above P - In
v
Hamwi1s (1969) study, Mercenaria, subjected to rapid fluctuations 
in oxygen tension, had this mode of regulation. Crassostrea 
Virginiaa also maintained a stable oxygen consumption down to 
g.0~50 mm Kg. - by this same mode of regulation (Galtsoff and
Whipple, 1931). In addition, the present study found that
Mercenaria also displayed a second mode of regulation involving 
a reduction in pumping rate coupled with an increase in the 
oxygen utilization. This mode of regulation has not been 
previously reported in the literature.
An anomalous third mode of regulation was also observed.
Here the pumping rate increased, but the oxygen utilization 
showed no significant decline as would be predicted from the
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theoretical model presented in the introduction of this paper. 
However, in all cases where this third mode was evident, the 
oxygen utilization was much more variable than in the other 
two modes. Furthermore, examination of the oxygen utilization 
data in these cases revealed that the trend was certainly toward 
a smaller value of oxygen utilization at lower oxygen tensions 
(Fig. if). However, the trend was not significant during the 
time of exposure to low oxygen. Thus this particular mode of 
regulation might take more than Z+8 hours to establish itself. 
Mytilis nerna L. displayed this third mode of regulation after 
a short exposure time at reduced oxygen tensions (Bayne, 1967). 
Bayne (1971b) suggested that regulation of oxygen consumption 
in Mytilus at reduced oxygen tension is based on the control 
of the ventilization: perfusion ratio, a ratio of the pumping 
rate to the frequency and amplitude of heart beat.
The percentage of oxygen removed from the water by the clam 
increased with decreasing oxygen tension in all three modes of 
regulation. Hov^ever, this does not necessarily mean an increase 
in the "extraction efficiency" of the gill in removing oxygen 
from the water. Recall the oxygen utilization coefficient is 
the ratio of oxygen removed (ie. oxygen utilization) divided 
by the oxygen available ( expressed as a percentage.
In the first mode of regulation the amount of oxygen removed, the 
oxygen utilization, remains unchanged in declining oxygen tension.,
Figure 7 (A-D)
The effect of oxygen tension below P on the filtration 
efficiency of Mercenaria
P . Concentration of particles (3~20u)
entering the animal.
p Concentration of particles (3-P0u)
ex after filtration by the gills.
The numbers between P . and P give 
the percent removal of a given particle 
size. The mean filtration efficiency is 
the average of these numbers.
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but the oxygen available is less at low oxygen tensions; there­
fore, the O.U.C. increased in value as the oxygen level declined. 
In the second mode, the oxygen utilization increased as the 
oxygen available decreased resulting in an increase in the value 
of O.U.C. In the third mode, the oxygen utilization decreased, 
but the O.U.C. increased in declining oxygen tension because the 
oxygen utilization and oxygen available were not decreasing 
proportionately.
The point to be made is that the O.U.C. is not only a
function of the bivalvefs respiration in declining oxygen,
expressed here as the oxygen utilization, but its value is also
a function of the declining oxygen tension, the denominator in
the O.U.C. ratio. Declining oxygen tension can be brought about
by many other factors in addition to bivalve respiration.
Interpretation of O.U.C. in declining oxygen tensions can thus
lead to questionable conclusions. For example, several authors
(Hazelhoff, 1938; Bayne, 1967, 1971b) have used the O.U.C. as
a measure of the gillfs ’'extraction efficiency" in declining
oxygen tension. I believe, the parameter E (efficiency) which
is the amount of water pumped to gain one milliliter of oxygen
is more accurate indicator of the gill's oxygen "extraction
efficiency". As an example, Bayne (1967) indicated the gill's
’bxtraction efficiency" (O.U.C.) of Mytilus perna L . is unchanged
over all oxygen tensions above the animal's P . In order for thisc
to be true, the mussel's oxygen utilization must have decreased
1+0
proportionately with decreased oxygen tension. The decrease 
in oxygen utilization was compensated by an increase in the 
mussel's pumping rate to give a constant oxygen consumption.
Recall this is the third mode of regulation available to bivalves 
Now is the pumping rate increased and the oxygen consumption 
remained unchanged then the amount of water pumped to gain one 
milliliter of oxygen increased, indicating a decrease in the 
efficiency of the gill to extract oxygen. Thus, in actuality,
the capacity of Mytilus's gill to remove oxygen decreased in 
declining oxygen tension.
As can be seen in the preceding discussion, the efficiency 
in removing a milliliter of oxygen from solution depends on the 
magnitude of the pumping rate because the oxygen consumption, 
by definition, remains unchanged in all modes of regulation.
Thus the efficiency in the second mode of regulation must increase 
because the pumping rate decreased. Efficiency in the first 
mode of regulation is unchanged because pumping rate remained 
unchanged at all oxygen tensions.
Two sources in the literature have reported the efficiency 
of Mercenaria in removing oxygen from the water is independent 
of pumping rate.
Hamwi and Haskin (1969) reported a linear relationship 
between pumping rate and oxygen consumption. Besides indicating 
a constant efficiency (E) regardless of pumping rate, these 
findings predict a decline in oxygen consumption whenever their
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is a reduction in pumping rate, Hamwi and Haskin (1969) used 
linear regression analysis to decribe this relationship between 
oxygen consumption and pumping rate. The graphs and equations 
of Hamwi and Haskin are invalid because they plotted a variable 
(pumping rate) against a function of that variable (oxygen 
consumption). They measured pumping rate and oxygen utilization, 
but they computed the oxygen consumption as a product of these 
two variables. Pumping rate and oxygen consumption must be 
independently determined before they can be analyzed by linear 
regression analysis.
At all oxygen tensions above P the clam!s pumping rate and
oxygen consumption did decrease together as the animal begins to
close. Upon,opening, the clams pumping rate and oxygen
consumption would increase together. However, the relationship
between oxygen consumption and pumping rate during opening and
*•
closing was not linear,-but roughly hyperbolic: that is oxygen 
consumption increased rapidly with the initiation of the pumping 
apparatus, but soon reached a plateau. Thus, most of the time 
the clam was open and oxygen consumption remained stable despite 
fluctuations in the pumping rate. Similar stable oxygen 
consumption has been reported in resting specimens of Pectin 
irradlans, (Van Dam, 195^ -) and Crassostrea virginica (Galtsoff,
1962*).
Loveland and Chu (1969) derived a mathematical formula 
relating pumping rate to oxygen consumption:
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m = 1 Mdt) wt s lQn wt
dp HT** v/t dp 2
where m is pumping rate, M is volumed pumped, dj) is absolute
oxygen utilization (ie., d  ^ an<^  we:*-Skt (wt) -
specific oxygen consumption. They obtained Mdp or total oxygen 
removed, gasometrically and dj) polarographically. Knowing 
weight, they computed pumping rate from the above formula. Their 
results indicated that at constant oxygen concentration, 
temperature and salinity, the volume of water pumped to remove 
one milliliter of oxygen (E) was constant and independent of 
pumping rate. The experiments of Loveland and Chu ( o d . cit.) were 
performed at a constant 02 concentration of 5.0 ml/l. The present 
study indicated a different pattern exist under fluctuating 
environmental conditions and declining oxygen tensions. The 
mean efficiency did remain constant, regardless of pumping rate, 
in the first mode of respiratory regulation because the average 
pumping rate did not change during the decline in oxygen tension. 
However, in the other two modes of regulation, the mean efficiency 
depended on the pumping rate in declining oxygen tension.
D. Filtration Efficiency
In this study Mercenaria showed a high (60-97%) filtration 
efficiency for particles above 3u in diameter. This has also 
been recorded for Mercenaria by Smith (1957)5 -Rice and Smith 
(1958) and Walne (1972), and for Crassostrea virginica by Haven
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and Morales-Alamo (1970). Also, the present study verified 
that the filtration efficiency was independent of the pumping 
rate and filtration rate as reported by Smith (1937)•
Contrary to this, Dral (1967) found Mytilus edulis 
filtered particles more efficiently at lower filtration rates. 
Jorgenson (1966) has attributed much of the differences in 
filtration efficiency and rates between bivalves to differences 
in technique. The differences in filtration efficiency among 
bivalves may, however, reflect true differences based on species 
morphology. For example, Tenore and Dunstan (1973) found the 
(filtering) rates of Mytilus was greater than Crassostrea and 
Mercenaria. The same measuring technique was used for all three 
bivalves. The results would indicate the gills of Mytilus are 
more efficient in retaining particles because the flow of water 
past all three animals was the same.
In the only other study of filtration rate as a function 
of declining oxygen tension, Mytilus edulis increased its 
filtration rate slightly down to a PQ of 80-100 mm Hg pC>2 
(Bayne, 1971b). With the technique used, this would indicate 
the filtration efficiency increased slightly at the oxygen 
tension declined.
The observed independence of MercenariaT s filtration 
efficiency from its pumping rate can be explained in the 
following manner. Dral (1967) -and Moore (1971) present con­
clusive evidence the lateral-frontal cilia control the filtration 
efficiency of the gill by forming a fine mesh over the gill ostia. 
Gal-tsoff (196V) has shown the synchronized beats of the lateral 
cilia are the major factor in producing the water flow
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(pumping rate). Obviously, the size of the animal, temperature, 
salinity, turbidity, pH, etc, may influence the number and rate 
of beat of the lateral cilia. The lateral-frontal cilia, 
adductor mussel, gill muscles and ostia and the mantle all may 
contribute to the pumping rate, but under normal conditions 
their support is small. For example, the ciliary currents on 
the mantle are mainly used for cleansing and for rejection of 
deposited material (Hillman, 196h)•
These findings indicate the pumping rate is a function of 
lateral cilia movement, but the filtration efficiency is a 
function of the structure of the lateral-frontal cilia. There­
fore, no matter what the speed of water through the lateral- 
frontal cilia mesh, the mesh structure of these cilia is going 
to determine the particle retention efficiency. The amount of 
material swept from the water per unit time (filtration rate) 
will depend on both the amount of water pumped through the mesh 
(pumping rate) and the filtration efficiency.
Although the filtration efficiency for particles in the 
size range below 3 u may be very low, this low percentage does 
represent a sizeable volume of potential food for the bivalve, 
because natural particles were numerically most abundant in 
this size range. In fact, even though the percentage removed 
in this size range is small, the volume this percentage represents 
may exceed the total volume removed over the size range 3-20 u.
For example, in Crassostrea virginica, the combined volume
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removed between l.O-A-0 u represents 52% of the total removed 
between 1.0 and 12.0 u. The A-7 u fraction represented 3A*5% 
of the total (Haven and Morales-Alamo, 1970). However, the 
nutritional value of these size particles is uncertain. Marine 
bacteria are within the 1-3 u size range, but Davis (1953) 
tested 13 species of marine bacteria and none were utilized 
by larvae of Crassostrea.
D. Environmental variables, body weight and oxygen utilization
The unexplained variation in R for the multiple linear 
regression is probably due to seasonal variation; diurnal 
cycles, influence of the tide and probably to a large degree, 
random variation.
1. Salinity
Castagna and Chanley, (1973) determined experimentally that 
the minimum salinity the Chesapeake Bay Mercenaria tolerate is 
12.5%# In the present study, a salinity above 1A% did not affect 
the clangs capacity to regulate in declining oxygen tensions.
The bivalves Geloina ceylonica, Anadara qranosa and Mytilus 
edulis likewise did not lose their capacity to regulate in 
declining salinities until thier salinity tolerance limit was 
appropriate (Bayne, 1973)• However, as the salinity declined 
Mercenaria1s lower tolerance limit (12.5°/oo), the animals 
closed for much longer periods of time in low oxygen tension 
water compared to controls at high 0^ tension (Table 6).
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2. Temperature
The results indicate oxygen consumption and pumping rate of 
Mercenaria were influenced little by the observed temperature 
variation over the range of oxygen tensions tested. At high 
oxygen tensions Hamwi (1969) found no change in the pumping 
rate of Mercenaria between 12-l8°C. and optimum conditions 
between 20-23°C. Feng (1968) found with increase in temperature, 
the greatest increase in clam activity occurred between if-8°C., 
with no further significant increase between 8-22°C. I believe 
the clams capacity to regulate at low oxygen tensions was not 
affected by the observed temperature variation range because this 
range was well within the temperature limits of Mercenaria.
Hamwi (1969) found the temperature limits for the clamfs pumping 
rate were 6° and 32°C. at favorable salinities; and high oxygen 
tensions, oxygen consumption did not decline until temperatures 
exceeded 26°C.
3. Turbidity and food level.
The observed levels of turbidity and food had no effect 
on the clam’s pumping rate or oxygen consumption at either high 
or low oxygen tensions. Again, the observed levels were well 
within the clamfs tolerance.
Mercenaria are highly tolerant of silt concentrations 
below 1000 mg/1. (Hamwi, 1969). The average turbidity in this 
study was below 100 mg/L* The natural food content of the water
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was low and generally did not influence the clam. However, 
during the course of these experiments, a red tide (Cochladinium 
hetrolahortum occured for several weeks in the late summer.
This high level of algae seriously weaken the clam*s capacity 
to regulate at low oxygen tensions. A possible reason for 
this loss of regulation is that the decay of the large concen­
trations of dead cells produced by-products which are more toxic 
at low oxygen tensions. Hydrogen sulfide could occasionally 
be smelled in the experimental trough, supporting this 
hypothesis: Another explanation might be that the heavy cell 
concentrations clogged the animalfs gills.
A. Body weight and Oxygen utilization.
As previously indicated, the capacity of Mercenaria to 
regulate is dependent on size and sex. This was again indicated 
in the MLR analysis on the two sexes. This study confirmed 
Hamwi1s (1969) report that male and female oxygen consumption and 
pumping rate increased with increasing weight at high 0^ tensions.
I found this relationship continued to hold for females down 
to an oxygen tension of AO mm Hg. Male oxygen consumption 
showed no dependance on weight at AO m Hg. oxygen tension. This 
breakdown in the relationship between oxygen consumption and 
weight is probably correlated with the disappearence of 
respiratory regulation in the male at oxygen tensions below the 
P of AO mm Hg.
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The negative partial regression coefficient for the
regression of pumping rate on oxygen utilization indicates that
slower the pumping rate, and thus the longer the water takes
to pass over the gills, the greater will be the extraction of
oxygen from the water* Sexual differences were again observed
in this relationship between pumping rate and oxygen utilisation
at 4-0 mm Hg oxygen tension. In both sexes there was a clockwise
rotation of the slope of the line to a more negative value;
however, the female regression coefficient indicated a much
greater rotation of the slope of the line than the male at
40 mm Hg. oxygen tension. This rotation of the slope of the line
by both sexes indicates that at low oxygen tensions a greater
reduction in pumping rate is necessary to gain an increase in
the amount of oxygen extracted from the water than is the case
at high oxygen tensions. This required reduction in pumping
rate is greater for the female than the male at 4-0 mm Hg. oxygen
tension. It is interesting to note that the majority of females
tested tne pumping rate either remained unchanged or increased
v/hen the oxygen was lowered to a level above P (Tables 1-5) •c
The two exceptions were a female that had spawned (Table 1) and 
a large feiiiale (5«09g dry weight) exposed to a low oxygen tension 
of 80 mm Hg. (Table 5).
The male could get a greater amount of oxygen from the 
water per unit reduction in its pumping rate at low oxygen 
tensions, but apparently below Pc this increase in the oxygen
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utilization was not enough to compensate for the reduced pumping 
rate. Consequently, below 80 mm Hg. oxygen tension the oxygen 
consumption, a product of the pumping rate and oxygen 
utilization, steadily declined and regulation was no longer 
evident.
Summary
1* In the laboratory Mercenaria mercenaria from the York
River, Virginia were exposed to various low oxygen tensions 
under fluctuating environmental conditions of temperature, 
salinity, turbidity and food level. The effects of these 
low oxygen tensions on the clamfs pumping rate, oxygen 
consumption and filtration efficiency were recorded and 
compared to similer measurements taken on the same clam 
at high oxygen tensions.
2. Gravid females, ranging in-dry tissue weight from 1.20 - 
5*0.3 g , regulated their oxygen consumption down to an oxygen 
tension of HO mm Hg. Male clams, with gametes, whose dry 
tissue weight Was below 3.0 g could regulate their oxygen 
consumption down to a critical oxygen tension of 80 mm Hg. 
Evidence from a single male weighing over 3.0 dry weight 
indicated large males had a critical oxygen tension of
40 mm Hg.
3. Regulation of oxygen consumption above the critical oxygen 
tension was accomplished by three different modes, involving 
the pumping rate and oxygen utilization. In the most 
consistant mode of regulation, the pumping rate and oxygen 
utilization remained constant such that the product of 
these two variables, the oxygen consumption, remained
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unchanged. The other two modes of regulation involved 
an increase or decrease in the pumping rate compensated 
by a decrease or increase in the oxygen utilization, such 
that the oxygen consumption remained constant.
At oxygen tensions below the critical oxygen tensions, 
oxygen consumption, pumping rate and filtration rate 
declined to very low values, but the clam’s capacity to 
filter particles from the water was not affected at least 
for AS hours.
5. The efficiency with which the gill removes particles in 
the size range of 3-20 u was consistantly high (60-.97/% 
retention) and was found to be independent of the oxygen 
consumption, pumping rate and oxygen tensions tested. A 
review of the literature support the hypothesis that 
filtration efficiency is dependent only on the structure 
of the gill’s lateral-frontal cilia.
6. Using multiple linear regression analysis, the observed 
values of temperature, salinity, turbidity and food level, 
were shown to have little effect on Mercenaria15 pumping 
rate or oxygen consumption at oxygen tensions above AO mm Hg.
7* Below a critical level of 80 mm Hg 0^ tension, male oxygen
consumption and pumping rate did not increase with increasing
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size of the claim. Female oxygen consumption and pumping 
rate did increase with size down to an oxygen tension of 
kO mm Hg.
8. Multiple linear regression analysis indicated that female 
oxygen utilization could not be increased in large amounts 
by reduction in pumping rate at L+0 mm Hg oxygen tension. 
This conclusion is supported by the observation that most 
females maintained or increased their pumping rate in 
declining oxygen. Males, however, could gain more oxygen 
by a reduction in pumping rate, but increase in oxygen 
utilization was not enough to maintain a constant oxygen 
consumption at ^0 mm Hg.
Tables 1-8
The Effect 
Mercenaria:
N
n
d . f 
Tb
chl"A".
SPR.
q 02.
o.u.c.
d[023
E.
*
*  *
of declining oxygen tensions on male and female 
pooled data,
, Total number of animals tested in a given 
weight class.
, Number of animals tested at each oxygen 
level.
. Degrees of freedom in the analysis of 
variance (ANOVA).
Turbidity (milligrams particulate matter/liter).
A measure of the food content of the water 
(ug"A"/L.).
Weight specific pumping rate 
Weight specific Oxygen consumption
Oxygen Utilization Coefficient 
Oxygen utilization
Efficiency of gill in removing oxygen 
Significant differences between means (P 0.05)
High significant differences between means (P 0.01)
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Table 1
The effect of low oxygen levels on female Mercenaria
(dry tissue weight 1.00-1.99g): pooled data
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Table 2
The effept of low oxygen levels on female Mercenaria
(dry tissue weight 2,00-2.99 g): pooled data
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Table 3
The effect of low oxygen levels on female Mercenaria
(dry tissue weight 3*00~3*99g): pooled data
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Table Z+
The effect of low oxygen levels on female Mercenaria
(dry tissue weight Zf.OO-/+,99 g) : pooled data
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Table 5
The effect of low oxygen levels on female Mercenaria 
(dry tissue-weight 5.00-5*99 g)s pooled data
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Table 6
The effect of low oxygen levels on male Mercenaria 
(dry tissue weight 1.00-1.99 g): pooled data
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Table 7
The effect of low oxygen levels on male Mercenaria 
(dry tissue weight 2.00-2.99g): pooled data
72
We
ig
ht
 
cl
as
s:
 
2.
00
-2
.9
9g
 
(d
ry
 
ti
ss
ue
 
wt
) 
Se
x:
 
M
a
l
e
m St o
COV 00 o O vO CM © to
rH 9 • • • 9 9 • •
JO oo vO m rH Ov VO to CM
<9 rH CM to CM rH CM rH CO
•H H
Wi flj 1 1 t 1 1 • 1 1
CO to
> G lO o
CO f - CM to sr oo 00 m to
H C3 • • • • • • « 9
CO co CM CO to co CM >o- rH<U t-4 CM r—1 rH CM r-4
g
Io
%w
© V
CO vO CM CM
CM
Sfr sT CM vO
• « *
tO S f S T CO vO Ov ©
rH CM CO rH H  CM co rH
<C
o
o  •O  • rHo O JO JG 
W  H  H  O
O
-c
o 9
^  o •rHo o JO .C
CO H H o
O
rH
s
53
G
§
•HG
Va.
xra
t>.r-»
I cst OI p<
(*
m
o
4J * 
+ 1 
X
* * * *
* * * ■£ ■JC *
t o  CO rH oo <r S* CO vO vO  vO
CM lO to o CM Sf f^ . sr CO O
• • • • * »
©  CO ST © O t o CO r- t o
rH CM tO
CO O v vO CO ©V CO
O  lO VO CM rH m r>i vO f"» rH
t o  rH rH CM sr CM o O  CO
* «
©  o VO O o O o o CO O  O
+ I + I  +  I + I + I
s f -
+ 1 + I + I + I + I
vO CTv CM CM 00 CO sf
©v CM rH CO CM 1 r-» f-'- CM VO OO
Sf CO CM o r-'» I CM CM Sj- vO vO vO
• * I  O
rH O oo rH rH 1 G+ rH © to O  CM
CM CO
00sf h
N
B
G
CO
ul
rH vO lO sr to rH CO
VO CM O CM CM VO CM r-'.o f-.torH tO CO CM rH torH CM
O O sro o 1". o O rH © O
© rH 0 0 sj- to B rH © v I- "
6 0 1 9 CM t o  o» CO rH CM CM lO ©t CM
1 CO VO rH O  ©t 6 0 1 i"* CO to r -  cm©V o 4-» 9 9 9 9 9 t o 1 N 9 9 9 9 9CO 1 p«
+  1 
X
rH ©  to rH rH vO | o rH O  rH O  CM« / o rH • 1 C f rH
CM t o
c o
CM
rH
• 99 9 vO
U rH -U 9t
> d lO 9
rH
SH d
c 9 9 o G 9 9 o
w CAM
£
CM © v u K <0 UH 63 C M ©  U J<y 9 O  • 0) « PH O  •
JS T3 CO ©  o 13 w G 53 •o CO © © 13 W
73
OJ01HrO
CO«Hu
CO
>
0)00e
coos
oo
co o •n CM♦»
ON r-- r-l 00
r-* CM CM
r-l
t—1
i I 1 1
m
ON CM in r—• «
mi-
H
CM
CM
-a-t-i CO
0 u
■H
1w • X
r-.
r> sO CM VO
• •
<* m o
r-l CM Mf r-l
o 5*
U  • r-l
O  O  jo .C OT 5-« H W
OO r-l MT r-l r-l4-J fe UO <t O  O  —I
f! • • • » •
O r-l <M ©  O  O
U
r*'-
&
jo co o toco I o  o  <1- vo
£S Jx CO r-l r-l CM CNI
OO 00 O  O  ©  CO ,-4
CO
C O  +  1 +  1 +  1 +  ! +  !O
CM , ,O +1
o<
ii
X
CO in O
MS" r-4 CM vO m
SO so r^ - CO CM
t-l o O r-l co•—I
co
CO b
co
o
o
r-l co VO
vO
uo
CO r-l r-l ON r-
o O o CM O
+ I+ I+ I+ I+ I■ mO  «0 r~~ >—i
60 I • cri cm O  vo nI cm co r^» r-i oco I o  u
CO I Cu , . t-l o  O  r-l CO
I / >  + 1  rH
CM vO
CO X
* •
*> r-l& |—I •
<o 1 C M O
CJ •> o  •
y W CM pd CM t S3
cj - E  o  x-' •es S  *o to o* *o o  w
74
Table 8
The effect of low oxygen levels on male Mercenaria 
(dry tissue weight 4.00-4•99g): pooled data
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Table 9
The effect of environmental variables, body weight 
and oxygen utilization on the oxygen consumption and 
pumping rate of female Mercenaria as analyzed by 
multiple linear regression with ANOVA
2 . . .R Multiple correlation coefficient
d.f. degrees of freedom in ANOVA 
b. partial regression coefficient 
* significant CP 0.05)
** high significant (P 0.01)
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Table 10
The effect of environmental variables, body weight 
and oxygen utilization on the oxygen consumption and 
pumping rate of male Mercenaria as analyzed by 
multiple linear regression with ANOVA
Multiple correlation coefficient 
d.f. degrees of freedom in ANOVA 
b. partial regression coefficient 
** high significant (P 0.01)
81
lA * ✓—s *
-cf- * >A *
1—I i—1 LA o rA OJ
rA OJ VO -p-■ J - • • j - •
o VO o \^ / OJ
1—1 <3 1—I
>
o
<
• *
<m <m
J « OJ •
« T5 P=H a t J
*
*
tA
*
*
OO rA i—1 rA •4-
rA 1—1 rA o co o -
-3” OJ O o O iH
• • • • • •
o o O o o O
1 1
r °
I
H  OJ fA H  f\J fA 4-
, Q  , 0  , Q  , 0  0  0  tQ  0
o to bo
•rH W
-i-5 s
o 53 i—l 5 O s ON
i—i P  O 0 OO OJ - ± VO VO CO
CQSvH OJ oo o O rH 1—1 ON o rH o ON
CD P  P  ctf -+- • ♦ • • cv rA • • e • rA
rH o  ,0  s rH LA LA A - o 1—1 rA -3" VO co -3-
rO o \ OJ OJ OJ 1—1
0 OJ 1 1 0 11 0
Es p  o  •• to I i I 1 1 to 1 1 1 I 1
CD X 0 0
tO rH 0 OJ C5 -ct- OJ 0 VO
X  S tO o OJ VO rH o a CO ~U O-
p< VO rA OJ o i—1 Pi VO rA OJ o i—I
O • • • • i—1 • • • • rA
o rH OJ OJ o rH ON rA
OJ 1—1 1—1 rH
p
o•H
-P
P< * 0 •
B -p o -p
P ^ o •H £ o
m o -P o
0 >•? o  \ OJ PL X  O  \ OJ
o P O O o B p o o o
o rO E-r 02 P-- P
CO
rc> Eh  to p.-
P /—s, / --v / —\ S p /^S /-N  / —N /■—.
0 H  OJ ^ -H- o rH . OJ rA -0-
to K*A M  isA r*N r S  r S o k ’S  r S  r^N X
82
§rA
-d- *  
OJ rH rA 
VO *'■ i—l* _d- •
O  —  OO 
LA
OJ 
Dd t5
§<
C--V
rArA rA OJoo «% -d-
• -d~ •
O N— ONrA
OJCd rc>
* ** *
[>- Lf\ Uj- COO A  OJOJ o OJ ON
e ♦ * •
i—J O O OJ
I I I
H  OJ NO -3* 
, Q  , Q  O
*sfc
-d- -4“ ON LA 
OJ VO CO ON
la -d" rA rA » • • • 
O O O rA 
I I I
r-1 OJ rA  -d~ 
, 1 0 , 0 , 0 , 0
-P
p
o
o
©
P a cd cd Pd h  ofco\ 
d p•H rid . , P<\
B  O  P OJ •' 
cd P-r trJ X
EH rH  O^  OQ
0  rH
©
 1 1
CD
rH
cd*=r*
I I Ohfj
S3 ojcd 
O Cdp.)
to
w
ON a o
ON O -d- 1—1 a o VO CO L A
ON OJ O rd ON ~d“ rH O ON O
• ♦ • • • ON • * • • •
rH L A A o OJ rA CO Hd- VO CO rH
rH OJ OJ OJ rH
1 1 ©
t 1 1 i 1 hO 1 i f i 1
P
o cd o
■d* -d~ VO L A OJ Cd o -d~ A A
-d~ rA OJ o i—1 o -d - rA OJ O rA
• • • • • A • • • • •
1—1 rH OJ OJ o I—1 1—1 ON rA O
OJ rH iH rH
<D U  O A IP o ocd A O A. I j
Pt P o o TJ eh c/2 T5hO
•H rH OJ rA -d- 
P - X >< X X
5
P-!
©
-P
cdP
hO
$d
•Hp~-E
p;-
-p^ o 1 oj
o oX O A  \ IP O O •O Eh CQ t3
X
OJ rA  -d-
**S rS
84
Literature Cited
-Bayne, B.L. , 1967, The respiratory response of Mytilus pema to reduced 
environmental oxygen. Physiol. Zool. Vol.'40, 307-313.
Bayne, B.L., 1971a, Oxygen consumption by three species of lamellibranch 
mollusc in declining oxygen tension. Comp. Biochem. Physiol.
Vol. 40f 955-980.'
*Bayne, B.L., 1971b, Ventilation, the heart rate and oxygen uptake by 
Mytilus edulis Lx in declining oxvgen tension. Comp. Biochem. 
PhysioT.Tol. 40^ 1065-1085.
vBayne, B.L., 1973, The responses of three species of bivalve mollusc to 
declining oxygen tensions at reduced salinity. Comp. Biochem. 
Physiol. 'Vol. 45^793-806.
' Beadle, L.C., 1961, Adaptions of some aquatic animals to low oxygen
levels and to anaerobic conditions. Soc. Exp. Biol. Symp. Vol. 15, 
120-131.
Castagna, M. and P. Chanley, 1973., Salinity tolerance of some marine
bivalves from inshore and estuarine environments in Virginia waters 
on the Western and Mid-Atlantic coast. Malacologia Vol. 12, 47-96.
Coughlan, J. and A.D. Ansell, 1964, A direct method for determining the 
pumping rate of siphonate bivalves. J. Cons. Int. Explor. Mer.
Vol. 29, 205-213.
Davis, D.E., 1953, On food and feeding of larvae of the American oyster, 
Crassostrea virginica. Biol. Bull. mar. biol. Lab., Woods Hole 
Vol. 104, 334-350.
Dejours, P., W.F. Cary and H. Rahn, 1970, Comparison of ventilatory and 
circulatory flow rates between animals in various physiological 
conditions. Resp. Physiol. Vol. 9, 108-117.
Dral, A.D.G. , 1967, The movement of the lateral-frontal cilia and the 
mechanism of particle retention in the mussel. CM. edulis L.), 
Netherlands J. Sea Res. Vol. 3, 391-422.
Feng, S.Y., 1968, Response of some estuarine bivalves to temperature
and salinity changes. Proceedings of the conference on Shellfish 
Culture held at Suffolk County Community College, April 8-9.
Galtsoff, P. and D. Whipple, 1931, Oxygen consumption of normal and 
green oysters. Bull. U.S. Bur. Fisheries Vol. 46, 489-508.
86
®Galtsoff, P. 5 1964, The American Oyster, Crassostrea virginica Gmelin.
U.S. Fish. Wildlife Serv. Fish. Bull. Vol. 64, 1-480.
•Ghiretti, F., 1964, Respiration (in mollusc). In Physiology of Mollusca. 
Vol. 2, 175-208. Ed. by Wilbur, K.M. and C.M. Yonge New York: 
Academic Press.
Green, E.J. and D.E. Carritt, 1967, New tables for oxygen saturation of 
seawater. J. Mar.,Res. Vol. 25, 140-147.
Haefner, P., 1970, The effect of low dissolved oxygen concentrations on 
temperature-salinity tolerance of the sand shrimp, Crangon 
septemspinosa Say. Physiol. Zool. Vol. 43, 30-37.
Hamwi, A. , 1969, Oxygen consumption and pumping rates of the hard clam 
Mercenaria mercenaria L. Ph.D. dissertation. Rudgars University,. 
1-177.
* Hamwi, A. and H. Raskin, 1969, Oxygen consumption and pumping rates in 
the hard clam. Mercenaria mercenaria: a direct method. Science 
Vol. 163, 823-824.
Haven, D. and R. Morales-alomo, 1970, Fiiteration of particles from
suspension by the American oyster Crassostrea virginic. Biol.
Bull. mar. biol. Lab, Woods Hole Vol. 139, 248-264.
Hazelhoff, E.H., 1938, Uber die Ausnutzung des Sauerstoffs bei verschieden 
Wassertieren. Z. Vergl. Physiol. Vol 26, 306-327.
Hillman, R. , 1964, The functional morphology of the fourth fold of the
mantle of the northern quahog M. mercenaria. J. Elisha Mitchell 
Sci. Soc. Vol. 80, 8-12.
Hochachka, P.W.5 J. Fields and T. Mustufa, 1973, Animal life without
oxygen: basic biochemical mechanisms. Arner. Zool. Vol. 13, 543-555.
Jorgensen, C.B., 1966, Biology of Suspension Feeding 357 pp New York:
Pergamon Press.
Kirme, 0. , 1964, The effects of temperature and salinity on marine and
brackish water animals. II. Salinity and temperature combinations. 
Oceanogr. Mar. Biol. Ann. Rev. Vol. 2, 281-339.
Landers, W. , 1967, Infestation of the hard clam M. mercenaria by the 
boring polvchaete worn Polydora ciliata. Proc. Nat. Shellfish 
Assoc. Vol. 57, 63-66.
87
* Loveland, R. and D. Chu, 1969, Oxygen consumption and water movements
in Mercenaria mercenaria. Canp. Biochem. Physiol. Vol. 29, 173—18M-.
Moore, H.L. , 1971, The structure of the lateral-frontal ciri on the gills 
of certain lamellibranch mollusc and their role in suspension 
feeding. Mar. Biol. Vol. 11, 23-27.
’Nazawa, A., 1929, The normal and abnormal respiration in the oyster,
Ostrea circumspecta Pils. Tohoka Univ. Sci. Rep. Vol. 4, 315-325.
Odum, E. , 1971, Fundamentals of Ecology. 574pp 3rd ed. Philadelphia:
W.B. Saunders Company.
Prosser, C.L. and F.A. Brown, 1961, Comparative Animal Physiology.
688 pp 2nd ed. Philadelphia: W.B. Saunders Company
Prosser1, C.L., L.M. Barr, R.D. Pine, and C.Y. Lauer, 1957, Acclimation of 
goldfish to low concentrations of oxygen. Physiol. Zool. Vol. 30,
137-141.
">Rice, T.-R. and R. Smith, 1958, Filtering rates of the hard clam (Venus 
mercenaria) determined with radioactive plankton. U.S. Fish.
WTldlife Serv. Fish. Bull. 129. 73-82. ./ .
+ ke, jr is h W '- f f k  * \J S ,  (. L i / i  I ©/A v p  I «5 o
Simpson, J.W. and J. Awapara, 1966, The pathways of glucose degradation 
in some invertebrates. Comp. Biochem. Physidl. Vol. 18, 537-548.
® Smith, R., 1957, Filtering efficiency of the hard clam in mixed suspension 
of radioactive phytoplarikton. Proc. Nat. Shellfish Assoc. 48,
115-124.
Snedecor, G.W. and W.G. Cochran, 1967, Statistical Methods. 593 pp 6th ed.
Iowa:Iowa State Press.
Strickland, J.D.H. and T.R. Parsons, 1968, A practical Manual of Sea Water 
Analysis. 310 pp 2nd ed. Ottawa: Fish. Res. Bd. Canada.
Tenore, K. and W. Dunstan, 1973, Comparison of feeding and biodeposition 
ox three bivalves at different food levels. Mar. Biol. Vol. 21,
190-195.
■» Van Dam, L., 1938, On the utilization of oxygen and regulation of breathing 
in same aquatic animals. Holland:Prukerij Groningen.
Van Dam, L., 1954, On the respiration in scallops. Biol. Bull. mar. biol. 
Lab., Woods Hole Vol. 107, 192-202.
WalHs, P.R., 1972, The influence of current speed, body size and water 
temperature on the filtration rate of *=fc%$e5species of bivalves.
J. Mar. Biol. Assoc. U.K. Vol. 52, 345-373.
Widdows, J. and B.L. Bayne, 1971, Temperature.acclimation of Mytilus
edulis reference to its energy budget. J. Mar. Biol. Assoc. U.K.
Vol. 51, 827-843.
Zachary, A. and D.S. Haven, 1973, Survival and activity of the oyster
drill, Urosalpinx cinerea under conditions of fluctuating salinity. 
Mar. Biol. Vol. 22, 45-52.
Vita
Dennis Walsh
Born in Teeneck, New Jersey, 6 January 1949* 
Graduated from John Marshall High School, Richmond, 
Virginia, June 1967; B.S. College of William and 
Mary, June 1971> with a major in Biology.
Entered the School of Marine Science of the 
College of William and Mary, .September, 1971.
Married Miss Rita Louise Welsh on October 21, 1972. 
Currently employed at the Institute of Oceanography, 
Old Dominion University, Norfolk, Virginia.
89
